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ABSTRACT

The United States Environmental Protection Agency’s (USEPA) 2017 report, “Draft Report: Proposed
Approaches to Inform the Derivation of a Maximum Contaminant Level Goal for Perchlorate in Drinking
Water”, proposes novel approaches for deriving a Maximum Contaminant Level Goal (MCLG) for
perchlorate using a biologically-based dose-response (BBDR) model. The USEPA (2017) BBDR.model
extends previously peer-reviewed perchlorate models to describe the relationship between perchiorate
exposure and thyroid hormone levels during early pregnancy. Our evaluation focuses on two key
elements of the USEPA (2017) report: the plausibility of BBDR model revisions to describe control of
thyroid hormone production in early pregnancy and the basis for linking BBDR model results to
neurodevelopmental outcomes.. While the USEPA (2017) BBDR mode| represents a valuable research
tool, the lack of supporting data for many of the model assumptions and parameters calls into
question the fitness of the extended BBDR model to support quantitative analyses for regulatory
decisions on perchlorate in drinking water. Until more data can.be developed to address uncertainties
in the current BBDR model, USEPA should continue torely:on the RfD recommended by the NAS

(USEPA 2005) when considering further regulatory-action.

Keywords: perchlorate, risk assessment, MCLG, BBDR model
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INTRODUCTION

From a regulatory perspective, the critical effect of concern from exposure to perchlorate is disruption
of thyroid function and the potential for thyroid-hormone-related effects on neurodevelopment in
gestation; these effects represent downstream events resulting from competitive inhibition-of iodide
uptake by the perchlorate ion (USEPA 2002). Based on an analysis of the mode of action for
perchlorate, the United States Environmental Protection Agency (USEPA) (2002) determined that
inhibition of thyroid iodide uptake could be used as an obligatory precursor for these critical effects in
a harmonized cancer/noncancer risk assessment for perchlorate (Figure 1). -This mode-of-action
directed risk assessment approach was used in the derivation of the current Reference Dose (RfD) for
perchlorate of 0.0007 mg/kg/day (USEPA 2005). Following the recommendations of the National
Academy of Sciences National Research Council (NRC) (2005), the point of departure (POD) for this
RfD was a reported No Observed Effect Level (NOEL): a non-statistically significant mean of 1.8%
(standard error of the mean 8.3%) decline in radioactive iodine.uptake (RAIU) in healthy adults
following two weeks exposure to a daily perchlorate dose of 0.007 mg/kg/day (Greer et al. 2002). An
intraspecies uncertainty factor of 10 was applied to:protect the most sensitive population, the fetuses

of pregnant women who might have hypothyroidism oriodide deficiency.

Subsequently, the USEPA Office of Drinking:Water (2008) published an Interim Health Advisory Level
for perchlorate of 15 ug/L, based on the USEPA (2005) RfD of 0.7 pg/kg/day, as recommended by the
NRC (2005). Determination of this Interim Health Advisory Level considered Physiologically-Based
Pharmacokinetic (PBPK) Modeling. (Clewell et al. 2007) to estimate the potential effect of perchlorate
on iodide uptake in several sensitive subgroups, including the pregnant woman and fetus, the
lactating woman and neonate, and the young child. Despite widespread scientific acceptance of iodide
inhibition as an.obligatory precursor to downstream toxicity endpoints, there was remaining concern
regarding the level of protection for the population perceived to have the greatest susceptibility - the

fetuses of hypothyroid mothers.

Over the next several years, the focus of research on perchlorate shifted to the development of a
biologically based dose-response (BBDR) model of the hypothalamic-pituitary-thyroid (HPT) axis that

could be linked with the PBPK model of perchlorate and iodide to predict dose-dependent interactions
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of perchlorate with iodine hormone homeostasis as a function of iodide intake in an effort to more

quantitatively account for the effects of low dietary iodide intake and hypothyroidism in pregnant
women on fetal development (McLanahan et al. 2008, 2009; Fisher et al. 2012; Lumen and George

2017a, 2017b; Lumen et al. 2013, 2015).

The USEPA Science Advisory Board (SAB) (2013) report on perchlorate in drinking water supported
the utility of BBDR modeling to help characterize the potential for neurological effects from perchlorate

exposure:

“As perchlorate research continues, studies in animals may provide important insights into the
neurobehavioral consequences of perchlorate exposure. A physiologically-based
pharmacokinetic/pharmacodynamic framework is well suited to help place these findings in the

context of human perchlorate exposure.”

The USEPA SAB (2013) identified a number of areas for improvement or modification of the existing
models. However, they also noted that "Models can always be:improved, but the goal is to have a
model that is fit for the intended purpose.”, apparently. cautioning against perpetual model refinement
at the expense of implementation, echoing the concern of the renowned statistician, George E.P. Box,

who famously used to say: "All models are wrong but some are useful" (Box 1976).

Recently, the USEPA's Office of Ground:Water-and Drinking Water (USEPA 2017) responded to the
Science Advisory Board recommendations and proposed novel approaches to inform the derivation of
a Maximum Contaminant Level Goal (MCLG) for perchlorate, including the use of BBDR modeling in
their report entitled “Draft Report: Proposed Approaches to Inform the Derivation of a Maximum
Contaminant Level Goal for Perchlorate in Drinking Water”. This MCLG approach (USEPA 2017)
includes revisions to a previously developed and peer reviewed BBDR model (McLanahan et al. 2008,
2009; Fisher et al..2012; Lumen and George 20173, 2017b; Lumen et al. 2013, 2015) that was
extended to predict:the relationship between perchlorate exposure and thyroid hormone levels in
sensitive life stages. These revisions aim to address suggestions by the USEPA SAB (2013), including

the following:

« Derivation of a perchlorate MCLG that addresses sensitive life stages through PBPK/PD

modeling;

ED_002648_00001621-00005



83 « Expansion of the modeling approach to account for thyroid hormone perturbations and

84 potential adverse neurodevelopmental outcomes from perchlorate exposure;

85 o Utilization of a mode of action framework for developing the MCLG that links the steps in the
86 proposed mechanism leading from perchlorate exposure through iodide uptake inhibition to
87 thyroid hormone changes and finally neurodevelopmental impacts; and

88 « Extension of “the [BBDR] model expeditiously to...provide a key tool for linking early events
89 with subsequent events as reported in the scientific and clinical literature on iodide deficiency,
S0 changes in thyroid hormone levels, and their relationship to neurodevelopmental outcomes
91 during sensitive early life stages” (USEPA SAB 2013, p. 19).

92 Model revisions presented in the USEPA (2017) report include: incorporating a description of the

93 physiology of early pregnancy, biological feedback control of hormone production via thyroid-

94 stimulating hormone (TSH) and human chorionic gonadotropin (hCG), and a description of the

95 response to lower levels of iodide nutrition. In addition, an attempt was made to calibrate the model’s
96 behavior for upper and lower percentiles of the population, in addition to the population median, for
97 thyroid hormone production. The report also included-an uncertainty analysis for key BBDR model

98 parameters.

99 For the development of the MCLG, USEPA (2017)proposed a two-stage approach linking the revised
100 BBDR model results ("Stage 1”) with -quantitative information on neurodevelopmental outcomes from
101 epidemiological studies (“"Stage 2”). Stage 1 describes the thyroidal hormone levels in women of
102 childbearing age with low to adequate iodide intake. In this stage, the revised BBDR model is applied
103 to predict the relationship between perchlorate exposure and changes in thyroid hormone levels in
104 early pregnancy. Data for Stage 2 of the approach is provided from epidemiological studies evaluating
105 maternal thyroid hormone levels in early pregnancy and the relationship between changes in these
106 levels and the observation of neurodevelopmental outcomes. The USEPA (2017) report also described
107 development of a novel population-based approach that uses the revised BBDR model to estimate
108 changes in levels of selected thyroid hormones, specifically free tetraiodothyronine (fT4) and TSH,
109 resulting from perchlorate exposure that may result in an increase in the prevalence of

110 hypothyroxinemia in pregnant women. Hypothyroxinemia (low circulating concentrations of fT4) is
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111 often associated with hypothyroidism (low concentrations of fT4 despite increased concentrations of

112 TSH).

113 The evaluation and (potential) application of the perchlorate BBDR model will serve as an important
114 precedent for future consideration of such models by the agency, as it is only the second suich model
115 to be seriously evaluated by USEPA and subjected to external peer-review. The first BBDR model to
116 be considered, formaldehyde nasal carcinogenicity developed by Conolly and colleagues (2003, 2004),
117 has been under consideration by the agency for more than a decade. Interest.inthe use of BBDR
118 modeling in risk assessment peaked in the 1990s when the draft USEPA (2003) Cancer Guidelines
119 identified these models as the preferred option for performing a cancer dose-response. However,
120 since that time, work in this area has waned, possibly due to the perceived difficulty of gaining

121 regulatory acceptance. By their nature, BBDR models are descriptions of complex biological systems
122 that necessarily include significant uncertainty. The challenge going forward will be to develop

123 approaches for characterizing that uncertainty in a risk assessment context and ensuring that these
124 complex models are fit for their intended purpose. Itiis with this consideration in mind that we have

125 performed a focused evaluation of the proposed USEPA (2017) approaches.

126 Our critical review focused on two key areas-of importance for determining whether the current BBDR
127 model is fit for the purpose of supporting regulatory decisions based on predicted effect of perchlorate

128 exposure on human fetal development:

129 1. Evaluation of USEPA (2017) model revisions to the peer reviewed BBDR models, including
130 extending the model to early pregnancy, incorporating biological feedback control of hormone
131 production via thyroid stimulating hormone (TSH) and human chorionic gonadotropin (hCG)
132 signaling, calibration of the model for thyroid hormone effects, and uncertainty analysis for
133 key parameters. . This evaluation included comparison of model output to results from key
134 human studies identified in previous assessments (Greer et al. 2002, Braverman et al. 2006,
135 Téllez et al. (2005a, 2005b), as well as in the USEPA (2017) document (Steinmaus et al.
136 2016);

137 2. Evaluation of USEPA (2017) approaches for linking BBDR results to neurodevelopmental

138 outcomes and identification of published literature to develop the quantitative relationship
139 between thyroid hormone levels and neurodevelopmental outcomes; and

ED_002648_00001621-00007



140 After describing the results of this evaluation, we present a comparison of the results from the

141 USEPA (2017) approach with results from previous USEPA assessments, in order to put the
142 uncertainties in the BBDR approach in perspective against the potential impact of the new
143 approach on the existing regulatory guidelines for perchlorate USEPA (2005, 2008).

144 METHODS

145 Evaluating Stage 1 of USEPA MCLG approach: Stage 1 of USEPA’s MCLG approach relies upon the

146 application of the BBDR model to predict the effect of perchlorate on the thyroid hormone in pregnant
147 women at different iodine nutrition levels, with the goal of predicting fT4 hormone reduction in

148 pregnant women with low dietary iodide. To evaluate the utility of the'proposed model to support

149 such predictions, we independently ran the model and tested model:predictions against data from

150 multiple studies. These exercises attempted to both duplicate BBDR model results for datasets that
151 were used by USEPA (2017) to calibrate the model and to test the ability of the BBDR model to predict
152 the well-described precursor event inhibition of iodide uptake; which was successfully described with
153 previous versions of the perchlorate PBPK models (Merrill.et'al. 2003; Clewell et al. 2007). These

154 simulations included:

155 o Steinmaus et al. 2016 - cross-sectional epidemiological study evaluation of serum and urine in
156 pregnant women in California: used.in USEPA (2017) to evaluate BBDR model predictions of
157 perchlorate effects on fT4 and. TSH

158 « Greer et al. 2002 - 14-day controlled perchlorate dose study in male and female adults in the
159 US: used in USEPA (201 7) to estimate urinary clearance parameters in BBDR model

160 o Braverman et al. 2006 - 6-month controlled perchlorate dose study in male and female adults:
161 not used in USEPA (2017)

162 o Téllez Téllez et al. 2005a, 2005b - longitudinal epidemiological study in pregnant and lactating
163 women in:Chile: used in USEPA (2017) to estimate urinary clearance parameters in BBDR

164 model

165 In our efforts to produce these simulations, it was noted that instructions provided in the USEPA
166 documentation for running the model for different scenarios, and documentation of the rationale for
167 the model parameter values associated with them, are often inadequate and lack transparency; this

168 deficiency is exacerbated by the number of permutations of parameter settings used in the scripts that

ED_002648_00001621-00008



169 generate the results in the document. The complexity of the BBDR model makes it difficult to perform

170 this evaluation, even though it has been conducted by experienced modelers.

171 Evaluating Stage 2 of USEPA MCLG approach: Stage 2 of USEPA’s approach involved evaluating the

172 published epidemioclogical literature to identify publications that would define quantitative relationships
173 between thyroid hormone levels and neurodevelopmental effects. The USEPA approach was focused
174 on the identification of studies that provided information on levels of fT4 in pregnant. mothers during
175 early gestation and the potential for changes in neurodevelopmental outcomes.in their offspring.

176 Through targeted literature searching and recommendations from the Science Advisory Board (SAB), a
177 total of 55 studies were identified by USEPA to provide information on altered:maternal thyroid

178 hormone levels and offspring development. These studies were divided into three groups to facilitate

179 evaluation:

180 « Group 1 - studies that may be able to quantitatively describe a relationship between

181 incremental alterations in maternal thyroid hormone levels and alternations in offspring

182 development;

183 o Group 2 - studies that do not have data from-which to derive a guantitative relationship
184 between maternal hormones and offspring neurodevelopment, but instead present only a
185 categorical analysis with thyroid hormones below and above a defined cut point and adverse
186 neurodevelopmental outcomes; and

187 « Group 3 - studies that present an analysis that is not directly compatible with BBDR output.

188 Of the 55 studies, 15 were identified as Group 1, 14 were identified as Group 2, 26 were identified as
189 Group 3. The 15 Group.1-studies were then evaluated further and only 5 were deemed useful by the
190 USEPA for further quantitative analysis to attempt to connect alterations in thyroid hormone levels to
191 alterations in neurgdevelopment. in our evaluation, we performed a critical review of the USEPA

192 Stage 2 approach and the study summaries provided in USEPA (2017), considering the most recent
193 recommendations from the National Research Council (NRC 2014) on systematic review of the

194 literature and evidence integration.

ED_002648_00001621-00009



185 RESULTS

196 Evaluation of the Perchlorate BBDR Model for Early Pregnancy

197 The draft MCLG approach (USEPA 2017) is based on a hypothesized mode of action (Figure 1) for
198 neurodevelopmental outcomes resulting from development of hypothyroxinemia from perchlorate-

199 induced inhibition of iodide uptake in the thyroid. As noted in USEPA (2017):

200 “Thyroid hormones are essential for the development and differentiation of the developing
201 brain. The brain and spinal cord begin development in the first half of the first trimester. T4
202 passes through the blood-brain barrier via multiple, specific transporter proteins. Next, T4 is
203 converted to T3 by the developing glial cells and then transported to neurons. T3 then

204 interacts with nuclear receptors to tightly regulate gene expression so that neurogenesis,

205 synaptogenesis, neuronal migration, cell differentiation, and myelination are developmentally
206 appropriate. Deficiencies in thyroid hormones through iodine deficiency, congenital

207 hypothyroidism, or maternal hypothyroidism/hypothyroxinemia can result in neurological

208 impairments and intellectual deficits (Morreale de Escobar, Obregén, & Escobar del Ray

209 2000).”

210 As recommended by the USEPA SAB (2013), the USEPA extended a published BBDR model for

211 perchlorate induced hypothyroxinemia in late gestation (Lumen et al. 2013; Lumen and George

212 2017a, 2017b) to address the sensitive population of concern for exposure to perchlorate: the fetuses
213 of hypothyroxinemic women during early. pregnancy (Figure 2). These concerns were motivated by
214 new studies (Steinmaus et al. 2016), suggesting an association between perchlorate exposure and
215 decreased levels of free thyroxine.(fT4) in pregnant women. Because the fetus is entirely dependent
216 on maternal thyroid hormones for neurodevelopment in early gestation (Clewell et al. 2007;

217 Howdeshell 2002), the endpoint of interest was defined as reduction in maternal fT4 in early

218 pregnancy and the perchlorate BBDR models were extended to describe hormone homeostasis during
219 gestation. Expansion of the original models of perchlorate and iodide (Clewell et al. 2007) to predict
220 the impact of perchlorate exposure on fT4 during early pregnancy, however, is complicated by the
221 significant variability in the levels of fT4 in the general population and the challenges in measuring
222 fT4, as well as the dynamics of changing hormones through the course of gestation and the

223 uncertainty in identifying the level of alteration that may lead to hypothyroidism and fetal effects.

ED_002648_00001621-00010



224

225 According to the “American Thyroid Association Task force on Thyroid Disease During Pregnancy and
226 Postpartum?”, isolated hypothyroxinemia is defined as a normal maternal TSH concentration in

227 conjunction with fT4 concentrations in the lower 5th or 10th percentile of the reference range

228 (Stagnaro-Green et al. 2011). USEPA (2017) has also focused on selected percentiles of the reference
229 range; however, reference ranges can vary from population to population according to the 2017

230 Guidelines of the American Thyroid Association for the Diagnosis and Management of Thyroid Disease
231 During Pregnancy and Postpartum (Alexander et al. 2017). Even within US populations and across
232 ethnic groups, the 2.5th percentile can vary by up to 2 pmol/L or approximately 20% (9.3-11.4

233 pmol/L as reported by Alexander et al. 2017).

234 The variation in fT4 reported in the published literature during early pregnancy is provided in USEPA
235 (2017), Appendix A, Figure A-33 and reproduced in Figure 3. The levels of fT4 during early

236 pregnancy, based on the studies identified by USEPA (2017), appear to range from approximately 13-
237 17 pmol/L. This range is consistent with the range of baseline fT4 means reported in the Greer et al.
238 (2002) study of approximately 1.1 - 1.3 ng/dL (14 =:t7 pmol/L). However, the 50th percentile BBDR
239 model predictions at zero dose perchlorate and 170 ug/day iodine intake are approximately 10 pmol/L

240 at gestation weeks 12, 13, and 16, considerably below these reported values.

241

242 Measuring fT4 in the presence of high concentrations of bound T4 is challenging, especially in

243 conditions where binding proteins:are altered such as during pregnancy (Alexander et al. 2017).

244 Measurement techniques are.prone to inaccuracy during pregnancy due to disruption of the original
245 equilibrium. The 95% T4 reference intervals decrease gradually with advancing gestational age: from
246 1.08- 1.82 ng/dL (approximately 13.9 - 23.5 pmol/L) in week 14 to 0.86-1.53 ng/dL (approximately

247 11.1 - 19.8 pmol/Lyimweek 20 (Alexander et al. 2017).

248 Extending the thyroid BBDR model to address early gestation is particularly challenging due to
249 the complex interaction between thyroid homeostasis and gestational development.
250 Considering the addition of TSH feedback dynamics, and an adjustment factor to match

251 specific population percentiles, there is reason for concern regarding the uncertainty of the

10
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252 revised model predictions under low iodide intake conditions. Some of these concerns are

253 highlighted below:

254 Description of hCG dynamics: Human chorionic gonadotropin (hCG) levels rise in early pregnancy
255 and this in turn increases both sodium-iodide symporter (NIS) uptake activity and T4 production.
256 hCG is structurally similar to TSH and, like TSH, increases thyroidal iodide uptake and thyroid
257 hormone synthesis by binding to the thyroid-stimulating hormone receptor (TSHR)}.(Hoermann et
258 al. 1994). In the model, hCG levels are calculated as a function of gestational age, using an

259 equation for the parameter HCGREG (Figure 4, purple curve), and these.changing levels are used
260 to increase the rate of T3 and T4 production as a function of the hCG concentration:

261 HCGreg = 1 + 0.00354*hCG

262 The variation of hCG over the duration of gestation is based on:direct measurements of hCG in
263 pregnant women (Korevaar et al. 2015). However, the‘concurrent increase in thyroidal iodine
264 uptake is described in the model based on an empirical relationship between gestational age in
265 weeks (GW) and radioactive iodide uptake, using an equation for the parameter VCHNG (Figure 4,
266 green curve):

267 VCHNG(GW) = 1 + 0.076-GW - 0.0025-GW?

268 Thus the model does not correctly attribute the gestational control of NIS uptake to hCG, when in
269 fact both uptake and hormone synthesis respond to the same changes in hCG (Pesce and Kopp
270 2014). By using different eguations for the time-dependence of hCG-stimulated uptake and

271 hormone production (Figure 4) the model decouples processes that are fundamentally linked by
272 their biology. Figure 4 depicts the time-course of the parameters controlling changes in iodide
273 uptake (VCHNG)-and hCG hormone levels (HCGreg) over the course of gestation. While the

274 biology indicates a proportional relationship between the two parameters, the equations used in
275 the model are not parallel. Elucidating the impact of this decoupling is challenging, and is beyond
276 the scope of this review, since it would have to be investigated at a large number of time-points
277 throughout pregnancy and under different conditions of iodine intake, but the disparity between
278 the model description and the underlying biology justifies caution regarding its predictions of T4
279 and TSH at different gestational ages, as these parameters govern hormone production and

11
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280 release. We address the impact of the discrepancy between the time-courses for HCGREG and

281 VCHNG in a later section.

282

283 Damping of TSH response: The USEPA (2017) BBDR model includes a parameter, pTSH (power to
284 which the ratio of current TSH to the TSH set-point is raised), that reduces the response of the
285 thyroid to increases in TSH:

286 TSHreg = (TSH/TSH )P

287 Using this equation, a pTSH exponent of 0 would represent no control of thyroid function by TSH
288 and an exponent of 1 would represent a linear response of thyroid:function to changes in TSH. In
289 their calculations of the effect of perchlorate on the prevalence of hypothyroxinemic pregnant

290 women, the USEPA (2017) use a pTSH exponent of 0.398, which results in a response to TSH that
291 is substantially less than linear, an assumption that is.inconsistent with the fundamental biological
282 relationship between TSH and thyroid hormones (production and release of T3 and T4), effectively
293 decoupling a relationship that has been well established in the medical, pharmacological and

294 toxicological communities. USEPA (2017) describes the rationale for this parameter: "The

295 NHANES data do not show a clear correlation between TSH and fT4, so within that data set they
296 vary independently. One could assurme, therefore, that individuals with an average fT4 and high
297 TSH have that combination because their thyroid has a weak response to TSH, and vice-versa.”
298 To address this concern, USEPA (2017) estimated a lower and upper bound for pTSH as (median
299 TSH)/(97.5th percentile TSH) = 0.398 and (median TSH)/(2.5th percentile TSH) = 3.09,

300 respectively, with @ median value of pTSH = 1. Thus, this parameter is used to attempt to

301 represent disease states where the individual’s thyroid is either exquisitely sensitive or insensitive
302 to TSH stimulation. At lower values, this parameter reduces the impact of TSH on the Vmax for
303 thyroid iodide uptake as well as the rate constants for T4 and T3 production in the thyroid.

304 However, the USEPA (2017) also states that: “The coefficient, pTSH, is included...to allow for

305 tuning of the strength of the TSH feedback, but in practice model simulations versus data appear
306 quite adequate with pTSH=1.” Concerns about this parameter are two-fold. First, the complexity
307 of the model and various runtime scripts makes it nearly impossible to determine the use of this

12
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308 parameter during some of the model assessment and risk assessment simulations presented in

309 USEPA (2017). Second, using point estimate population level data to define the gquantitative

310 temporal relationship between two fundamentally linked processes at the individual level is

311 scientifically inappropriate. To understand the biological feedback within a single individual (i.e. to
312 determine the relationship of TSH to T3/T4 and Vmax for a hypothyroid or hyperthyroid

313 individual), matched samples would be needed for TSH, T3 and T4. This information - to our

314 knowledge - is not available from NHANES. Thus, the epidemiological point estimate data are
315 being used well beyond its domain of applicability to predict the quantitative gutcome of disease
316 states.

317 Calibration of hormone production rates: The model uses a baseline first-order constant calibrated
318 to NHANES 2007-2012 median, 10th, or 90th percentile non-pregnant data (fT4, fT3, T4 and T3
319 concentrations). The model parameter for the rate of production of T4 (KProdT4F) for the median
320 NHANES calibration used in USEPA (2017) is 6.25%10-7:/hr/kg® 7> (their Table A-2), which is 4-fold
321 lower than the value of 2.45 x 10-6 estimated for the published model (Lumen et al. 2013), which
322 was based on the data of Nicoloff et al. (1972).“However, the use of a T4 production rate that is
323 lower than the published value is not adeguately justified, given the importance of this parameter,
324 which has a direct impact on predictions of fT4 changes, the intended application of the model.
325 This baseline value is then scaled‘in pregnancy through GW 16 (peak occurring ~ GW 9) based
326 upon placental hCG increase over this:time, according to the linear relationship from Glinoer

327 (1997): hCGreg = 1 + 0.00354 x hCG.

328 Affinity of NIS Iodine uptake: The model uses a Km for perchlorate binding to the NIS (KmNIS_P)
329 that is 3-fold lower than.the value estimated by Lumen et al. (2013) (i.e. a 3-fold higher affinity).
330 Specifically, the new Km represents the 2.5th percentile lower confidence limit of the population
331 median based upon the USEPA (2017) reanalysis of Greer et al. (2002). The median value (50th
332 percentile = 0.73 uM) is similar to that obtained from a re-analysis of in vitro binding data, 0.59
333 UM (Schlosser 2016); the use of a value of KmNIS_P = 0.489 uM makes perchlorate 3 times more
334 effective at competitive inhibition of NIS compared to the model of Lumen et al. (2013). This

335 revision to the Km in USEPA (2017) necessitated revisions to the Vmax (VmaxNISF_thy_P) and
336 urinary excretion parameters (CLFUP) (Table 1 of USEPA 2017), further affecting the model’s

13

ED_002648_00001621-00014



337 sensitivity to changes in perchlorate dose, particularly under conditions of low iodide. Thus, The

338 USEPA (2017) BBDR model predicts much greater effects of perchlorate on iodide uptake than any
339 previous version of the model, without justification for re-estimating these parameters rather than
340 using the published values.

341 Assumptions regarding thyroidal iodide storage: Plots of NHANES 2007-2012 data-for non-

342 pregnant women demonstrated little relationship between iodine intake and fT4,; even at iodide
343 intake levels below 75 ug/day (Figure A-54 of USEPA 2017; reproduced in Figure 5a). USEPA

344 (2017) used data on the relationship between thyroidal iodide stores (mg) and iodine intake from
345 Delange (2000), which assumes depletion of fT4 at iodide intake levels below 100 ug/day. Asis
346 clear from Figure 5b, this assumed model behavior at concentrations below 100 ug/day, which
347 drives model predictions at low intakes, is inconsistent with the NHANES data and could result in
348 overprediction of fT4 responses at moderately low intakes:of iodide, including the ranges simulated
349 in the USEPA report. This possibility was investigated im-this evaluation and the results are

350 discussed in the next section.

351 Evaluation of BBDR Model Behavior

352 Comparison to the Steinmaus et al, 2016 Results

353 In Appendix B of USEPA (2017), a comparison of-the predicted changes in both fT4 and TSH from the
354 BBDR model were compared to the resultsireported by Steinmaus et al. (2016). The Steinmaus et al.
355 (2016) study was conducted to evaluate the potential for perchlorate exposure to impact thyroid

356 hormone levels in pregnant women (any trimester) in San Diego. They reported an effect of

357 perchlorate on fT4 levels to 'be similar among women with both low iodine (<100 ug/day) and normal
358 (100-300 ug/day), with a greater effect of perchlorate observed among pregnant women in the high
359 iodine intake group (>300 pg/day). They further noted that this result is in contrast to some previous
360 results from NHANES{Blount et al. 2006) and may be due to the overall iodine sufficiency in the

361 studied population or the fairly long time between urine iodine and serum thyroid hormone sample

362 collection (about 9 weeks).

363 The comparison of the predicted fT4 changes from the BBDR model and the Steinmaus et al. (2016)
364 results associated with changes in perchlorate dose are reported in Figure B-1 of Appendix B of USEPA

365 (2017) and reproduced in Figure 6. This comparison, which we were able to reproduce using the
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366 USEPA (2017) BBDR model, clearly highlights the differences between the model predictions and the
367 published human data. The USEPA (2017) BBDR model simulations with normal iodine intake (170
368 ug/day) demonstrate no change in fT4, which is consistent with other studies in which no impact on
369 fT4 has been observed at doses up to 7 pg/kg/day perchlorate (Greer et al. 2002; Braverman et al.
370 2006). The USEPA (2017) BBDR model greatly under-predicts the changes in fT4, even‘in the

371 scenario with low dietary iodine intake (75 ug/day), in comparison to the changes reported by

372 Steinmaus et al. (2016). This discrepancy raises concerns about the ability of the USEPA (2017)

373 BBDR model to predict changes in fT4 associated with chronic perchlorate exposure during pregnancy.

374

375 Greer et al, 2002 - 14 day human controlled perchiorate dosing study

376 The Greer et al. (2002) study was conducted to establish the dose-response in humans for perchlorate
377 inhibition of thyroidal iodide uptake and any short-term effects on thyroid hormones following

378 exposure for male and female volunteers to perchlorate in drinking water at doses of 7, 20, 100 or
379 500 pg/kg/day for 14 days. The results of this study have previously been relied upon by the USEPA
380 (2005) to derive a reference dose (RfD) and to determine health reference levels (HRLs). The results
381 of this study indicate a decrease in iodide uptake following exposure to a dose of 20 ug/kg/day, but no
382 effect on hormone levels, including fT4 and TSH, at the highest dose tested. A No Observed Effect
383 Level (NOEL) of 7 ug/kg/day was determined based on these results, and an RfD of 0.7 ug/kg/day
384 was adopted, based on NAS recommendations, with the application of an uncertainty factor of 10 for

385 intraspecies variability or sensitive subpopulations.

386 Consistent with the results of the study, our simulations of the adult exposures reported in Greer et al.
387 (2002) with the BBDR model (Table 1) indicated no significant change in fT4 at doses up to 500

388 ug/kg/day. However, predicted concentrations of fT4 are lower than those measured by Greer et al.
389 (2002). The model simulation reported in Table 1 was run with an iodine intake of 90 pg/day, as this
390 was the value USEPA (2017) used in the Greer_test.m script provided with the BBDR model code.

391 However, 90 ug/day is not consistent with the 170 ug/day value USEPA (2017) reports as

392 representing a sufficient intake and USEPA’s (2017) documentation does not indicate why a lower

393 value was used for the individuals in the Greer study. Simulation of iodide uptake inhibition (RAIU)

394 appears to over-predict the reduction in uptake compared to measured values, though the qualitative
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increasing trend of inhibition with dose behaves appropriately. This discrepancy may result from the

low iodine intake chosen by USEPA (2017), or a number of other decisions made in the model
revisions, including the reduced Km parameter value. It is unclear why the parameters governing
iodide inhibition were altered from previous models that successfully predicted inhibition of iodide in
human subjects (Clewell et al. 2007; Merrill et al. 2003; Lumen et al. 2013). Given that iodide
inhibition is the obligatory precursor to all downstream effects in the USEPA’s proposed mode of action
for perchlorate, it would be expected that any changes to the model that lead to reduced accuracy in
the prediction of iodide inhibition would be accompanied by substantial support.::However, no such
support is provided in USEPA (2017) for the changes in the key parameters and the resulting effect on

iodide inhibition predictions.

Table 1. Simulation of the Greer et al. (2002) Perchlorate Study
Dose RAIU (%) fT4 (pM)
(Hg/kg/d) Simulated Measured Simulated Measured
0 100 100 10.33 -
7 89 98.2 10.33 -
20 74 83.6 10.32 16.09
100 37 55.3 10.31 15.26
500 11 32.9 10.30 15.44

Braverman et al. 2006 - 6 month.-human controlled perchlorate dosing study

The Braverman et al. (2006) study was conducted to determine whether prolonged exposure (6
months) of adults to low levels of perchlorate (0.5, 1.0 or 3.0 mg/day) would perturb thyroid function.
The study included a small number of individuals (n=13); however, iodine levels were comparable
with those of the general population. The authors noted the limitations of the small sample size, but
concluded that the results suggested that healthy, euthyroid individuals, with normal levels of iodine
intake, can tolerate chronic exposure to perchlorate at doses of up to 3 mg/day (approximately 40

Hg/kg/day) without any effects on thyroid function, including inhibition of iodine uptake.

The Braverman et al. (2006) study was simulated as part of the current evaluation using the BBDR

model and predicted T3 and TSH levels were compared to the reported measurements (Table 2). fT4
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was not compared because it was not clear how to convert the T4 index reported in the study to a

concentration and vice versa. As with the Greer et al. (2002) simulation, 90 ug/day was used for
jodine intake. Baseline T3 and TSH are similar to the measured values. But, as was seen with T4,

the model fails to predict the observed changes in hormone levels in the adult subjects.

Table 2. Simulation of Braverman et al. (2006) perchlorate study.
Dose T3 (nM) TSH (mIU/L)
{(ug/kg/d) Simulated Measured Simulated Measured
0 2.63 2.49 1.51 1.20
7 2.63 2.51 1.52 1.60
43 2.62 1.77 1.53 2.60

Téilez Téllez et al. 2005a, 2005b — Chilean epidemiological study in pregnant women

Téllez Téllez et al. (2005a, 2005b) reports the results of .a.longitudinal epidemiological study among
pregnant women from three cities in Chile exposed to concentrations of perchlorate as high as 114
Hg/L in the public drinking water. The focus of the study was to evaluate maternal thyroid function
during pregnancy, neonatal thyroid function and:developmental status at birth, and breast milk iodine
and perchlorate levels during lactation. The National Academy of Sciences (2005) has reviewed this
study in the context of health implications for perchlorate ingestion and concluded this study should be
considered in the evaluation of the US experience with perchlorate in drinking water. The total iodine
nutrition among this cohort was:also noted to be similar to that of US pregnant women (Téllez Téllez
et al. 2005a); therefore, this study should be a key consideration in evaluating the relationship
between perchlorate exposure, changes in fT4 in pregnant women and developmental status;
however, it was not-considered in Stage 2 of the USEPA (2017) assessment because it pre-dated the

cutoff used by USEPA in‘their review (2010).

Results from this.study indicated no effect on thyroid levels in early pregnancy, late pregnancy, or
neonates at birth related to perchlorate in drinking water at concentrations up to 114 ug/L. Given
these findings, this study provides a reasonable dataset for validating the impact of high perchlorate

exposure concentrations in drinking water on potential changes in fT4 or TSH.
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438 We also ran the (USEPA 2017) BBDR model to simulate the Téllez Téllez et al. (2005a, 2005b)

439 drinking water study (Table 3). The BBDR model predictions of fT4 for GW 13-16 are consistent with

440 the negative results of the study, though the predicted concentrations are lower than those observed.
441 This is not a strong validation of the model given the weak trend of changes in hormone levels seen in

442 comparisons to other studies.

Table 3. Simulation of the Téllez Téllez et al. 2005a, 2005b
study of pregnant women exposed to perchiorate via

drinking water.

Dose T4 (pM)
{(ug/kg/d) Simulated Measured
0.01 9.74 12.5
0.08 9.73 12.2

2 9.69 12.7

443 Summary: Evaluation of Model Behavior

444 Our simulations of the Greer et al. (2002) and Braverman et al. (2006) studies with the BBDR model
445 indicate that thyroid hormone levels are relatively insensitive to inhibition of thyroid iodine uptake by
446 perchlorate exposures as high as 7 ug/kg/day. Moreover, our simulations of the Téllez Téllez et al.
447 (2005a, 2005b) study with the BBDR model do not predict an effect on fT4 from exposures to

448 perchlorate at up to 2 ug/kg/d, consistent with the fact that the exposures were demonstrated to be
449 without effect to pregnant womenin the study. However, the USEPA (2017) BBDR modeling analysis
450 (Table 4, taken from USEPA 2017)predicted population-level changes in fT4 deficiency during the first
451 trimester at perchlorate exposures nearly an order of magnitude fower (0.3 pg/kg/d) . This

452 discrepancy suggests that the metric used in the USEPA (2017) approach to assess population-level
453 effects of perchlorate, i.e., a 1% or 5% increase the proportion of thyroxinemic mothers in early

454 pregnancy assuming that all individuals have a low (75 ug/day) iodine intake and an inadequate TSH

455 response (pTSH = 0.398 vs. 1), may be overly conservative.

456
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Table 4. Summary of Results for the Amount of Perchlorate Needed to Increase the Proportion of

Hypothyroxinemic, Low Iodine Individuals by a Defined Percentage (with hypothyroxinemia defined as

fT4< 10" Percentile) (USEPA 2017)

fT4 (pmol/L) at the
Hypothyroxinemic

Cut Point (i.e. 10"

Corresponding

Percentile in 75

Perchiorate Dose

{(rg/kg/day) Associated

Perchliorate Dose

(ug/kg/day)

Associated with a 5

Gestational with a 1 Percent
Percentile of 170 pg/day Iodine Percent Increase in
Week Increase in Proportion
ug/day Iodine Intake Group Proportion
Hypothyroxinemic
Intake Group) {(Column 2)? Hypothyroxinemic
{Column 3)°
{Column 1) (Column 4)°
12 8.80 48.4 0.4 2.2
13 8.78 47.9 04 2.2
16 8.63 52.6 0.3 2.1

¥ Results based on central effect estimates, pTSH in BBDR model set to 0.398

457

458 Evaluation of the effect of model assumptions on predicted PODs

459 In order to assess the potential quantitativeimpact of some of the uncertainties in the BBDR

460 model, we compared model predictions.:of percent change in fT4 and TSH for a range of

461 perchlorate concentrations using twoalternative parameterizations: (1) the parameterization

462 used by the USEPA (2017) to generate their Table 3, and (2) replacing the equation for

463 HCGREG with the eguation for VCHNG (in order to provide an appropriately coupled response

464 to hCG stimulation of thyroidal:iodine uptake and thyroid hormone production), and also

465 setting pTSH = 1 (the nominal value, as opposed to the lower-bound value of 0.398 used by

466 the USEPA). The simulations (Table 5) were performed with the model calibrated to either the

467 median population:thyroid hormone levels (using the script medset.r) or a low (thyroxinemic)

468 population defined as fT4 < 10" percentile (using the script lowset.r). When predicting the

469 effect of perchlorate exposure on fT4 for the median population there is not a significant

470 difference between the USEPA results and the alternative parameterization; however, the

471 USEPA model parameterization results in more than a factor of 2 greater sensitivity of TSH

472 levels to perchlorate compared to the alternative parameterization. This difference is primarily
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473 due to the change in pTSH. On the other hand, when predicting the effect of perchlorate

474 exposure on hypothyroxemic individuals, both fT4 and TSH responses to perchlorate exposure
475 are significantly lower using the alternative parameterization. Thus, the parameters that were
476 altered in the recent revision of the model (VCHNG, HCGreg, pTSH, KmNiS_p) increase the
477 predicted effect on thyroid hormone levels compared to the expected response with the well-
478 validated precursor event of iodide inhibition. The sensitivity of the prediction to changes in
479 these parameters, and the disconnect between the prediction of iodide inhibition_and thyroid

480 hormone levels, calls for better justification - and evaluation - of the given parameter values.

Table 5. Predicted fT4 and TSH Concentrations at Various Doses of Perchlorate for 75 pg/day Iodine Intake
fT4 (pmol/L) TSH (mIU/L)
Perchiorate Dose (% Change from 0 Dose) (% Change from 0 Dose)
{ug/kg/day) VCHNG + | VCHNG + VCHNG + | VCHNG +
USEPA® USEPA®
pTSH?! pTSH?! pTSH! pTSH?
Population | Median Median Low Population Median Median Low
0 Absolute 8.6 9.9 75 Absolute 2.2 1.5 3.0
1 -0.74 -0.8 -0.31 3.3 1.4 1.9
2 -1.5 -1:6 -0.61 6.6 2.7 3.8
3 Percent -2.1 -2:3 -0.9 Percent 10 4.1 5.7
4 Change -2.8 2.9 -1.2 Change 14 5.5 5.7
5 -3.4 -3.5 -1.5 17 6.9 7.7
10 6.2 -6.2 -2.8 36 14 19

° Results using pTSH = 0.398

! Results using HCGREG replaced with VCHNG, and pTSH=1

481 Review of Literature Linking BBDR Results to Neurodevelopment Qutcomes

482 Chapter 5 of USEPA (2017) focuses on the SAB’s recommendation to “ldentify literature and conduct
483 analyses to support the model outputs for the downstream steps” from the BBDR's predicted changes
484 in thyroid hormones following exposure to perchlorate. Specifically, Chapter 5 was developed to

485 present the process USEPA (2017) used to identify literature to support the draft approach for

486 derivation of the MCLG for perchlorate. USEPA (2017) states, "Based on the recommendations of
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487 previous peer review panels, USEPA assumed that changes in thyroid hormone levels would be
488 expected to lead to neurodevelopmental outcomes”, and because of this assumption, a complete
489 systematic review of the body of literature on this topic was not performed. Instead, a “focused

490 review of the published literature” was conducted.

491 The approach is inconsistent with recent recommendations from the National Research Council:(NRC
492 2014) regarding systematic review and evidence integration. These recommendations are currently
493 being incorporated into the USEPA’s Integrated Risk Information System (IRIS)‘process and USEPA
494 has recently released scoping and problem formulation materials for several'new Integrated Risk
495 Information System (IRIS) assessments, including ethylbenzene (USEPA 2014a), and naphthalene
496 (USEPA 2014b). The approach applied in these assessments is intended to follow recommendations
497 provided by the National Research Council (NRC 2013). While development of MCLGS are not part of
498 the IRIS process, the application of systematic review principles in the identification of studies to
499 define the relationship between fT4 and neurodevelopmental effects, is needed. The application of
500 these principles would not only assist in defining the highest quality studies to address a specific
501 research question, they also provide a way to integrate.all of the available evidence for the specific
502 research questions raised by the SAB. Systematic reviews include the formulation of a specific

503 guestion to be addressed and developing a protocol that specifies the methods that will be used to
504 address the question. While a broad research.question can lead to a large systematic review, if the
505 research question is limited, such as inthe case of perchlorate, then the systematic review becomes

506 more focused.

507 For the USEPA (2017) draft MCLG approach, a systematic review question could have been easily

508 developed based on the SAB recommendation (i.e. “Identify literature and conduct analyses to support
509 the model outputs for the downstream steps”) and the protocol would simply be focused on the

510 methods for conducting the systematic review to address this very focused systematic review guestion
511 in a transparent manner. Transparency being defined by USEPA as “sufficient information will be

512 available to understand the scientific rational behind decisions, as well as, reproduce methods used to
513 identify and evaluate data”. However, in the case of the literature identified for consideration in the
514 draft MCLG approach for perchlorate, a well-defined protocol for all steps of the process has not been

515 developed and therefore is inconsistent with the recommendations of the NRC (2013):
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516 “A priori decisions and a predefined protocol are critical during the systematic review

517 process (Berlin and Colditz 1999, Dickersin 2002); the protocol should describe the
518 following steps: the research question, the search strategy and data sources, the

519 study inclusion and exclusion criteria, the data to be abstracted and derived from the
520 original studies (such as sample size, exposure and outcome assessment methods,
521 and confounders evaluated), the criteria and methods for pooling effect estimates and
522 measures of variability among studies. Systematic reviews and meta-analyses:need
523 to be replicable; other investigators following the same steps should be able to identify
524 the same articles, abstract the same data, and reach similar conclusions.”

525 At each step of the process for identifying studies for use in the development of the MCLG
526 approach for perchlorate, a detailed set of criteria is needed. For examiple, if decisions are
527 made to include or exclude any studies, there should be very detailed criteria indicating why
528 studies were included or excluded and it should be specified prior to the initiation of the

529 literature searching process. The criteria for each step:should be described in such a way that
530 an independent reviewer could use it to replicate the:results of the literature search and

531 review; however, there are several areas in the:USEPA (2017) draft MCLG approach for

532 perchiorate where this level of detail is lacking;. making it difficult for an independent reviewer

533 to replicate the results.

534 Systematic Review Research Questions

535 An overall hypothesis or systematic review research question should be developed that is based on the
536 SAB recommendation to clarify. the focus of the review and the linkage between altered maternal fT4
537 (as predicted by the BBDR model) and the potential for adverse neurodevelopmental effects in

538 offspring. Some additional explanation as to how USEPA arrived at the specific neurodevelopmental

539 outcomes of concern should be provided.

540 Searching the Published Literature

541 While the literature search key words are presented in the USEPA (2017) report, there is a lack of
542 explanation as to the reasoning behind the focus on the outcome of concern. The research question

543 should be used to develop the literature search. The major points used or considered in developing
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544 the literature search strategy should be presented. In addition, there should be a detailed explanation
545 of the criteria used to screen the literature search results. Furthermore, USEPA (2017) does not

546 report the details of the literature search results. For each search string reported in Table S of the
547 USEPA (2017) report, a total number of citations identified should be reported. In addition, the

548 criteria used to screen the original search results should be clearly reported in the document.

549 Essentially, each step of the literature search and review should be reported in such'a way that any
550 independent party could easily reproduce the results reported in Chapter 5 of USEPA (2017). The lack
551 of this type of information does not allow the reader to determine if any key studies may have been

552 removed from consideration.

553 Literature Screening Approach and Selection of Key Studies

554 USEPA (2017) states that a 3 step approach was used to identify studies for consideration in the

555 development of the approach for derivation of the MCLG for:perchlorate. The approaches utilized by
556 USEPA (2017) to identify the epidemiological studies for this.evaluation were strictly focused on the
557 appropriateness of the quantitative data for consideration in-combination with the output of the BBDR
558 model. Group 2 (studies with categorical analyses only) and Group 3 (studies with analyses not

559 directly compatible with BBDR output) studies were apparently eliminated from consideration in the
560 assessment. While not directly compatible with:BBDR modeling output, it is possible that these

561 studies may provide information importantin-understanding the potential relationship between

562 changes in thyroid hormones and the potential for neurodevelopmental effects, as well as potential

563 key confounders.

564 While 15 studies were identified in Group 1, only 5 of these were determined by USEPA to include

565 analyses that could be used to connect the results of the BBDR model to incremental changes in

566 adverse neurodevelopmental effects. A clearly defined set of inclusion and exclusion criteria should be
567 provided to clearly. convey to the reader why the other 40 studies in Groups 1, 2, and 3 were not

568 considered. In addition, studies that provide no evidence of an inverse relationship between

569 perchlorate exposure and serum thyroid function (e.g. Ghassabian et al. 2014; Modesto et al. 2015;
570 Moleti et al. 2016; Noten et al. 2015) should also be considered to not only understand why these

571 results are in contrast to the potential research question, but also that the overall weight of evidence

572 can be determined. It is possible that the majority of studies provide evidence that critical factors that
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573 are not reported in some of the available studies may explain the reported changes in serum thyroid

574 function.

575 Assessment of Study Quality and Risk of Bias

576 According to recent recommendations from the National Research Council (NRC 2014), the National
577 Toxicology Program’s (NTP) Office of Health Assessment and Translation (OHAT) method for the

578 assessment of study quality and risk of bias of the literature (NTP 2015) is one method that should be
579 considered for qualitative and quantitative assessments. “An assessment of study quality evaluates
580 the extent to which the researchers conducted their research to the highest possible standards and
581 how a study is reported. Risk of bias is related to the internal validity of a study and reflects study-
582 design characteristics that can introduce a systematic error (or deviation from the true effect) that
583 might affect the magnitude and even the direction of the apparent.effect” (NRC 2014). Each study
584 meeting inclusion criteria in Group 1, 2, and 3, should be evaluated against a predetermined set of
585 study quality and risk of bias criteria and the results of this:evaluation should be presented in the

586 perchlorate MCLG approach report.

587 Uncertainties Critical to Characterizing Changes in Thyroid Hormone Levels in Pregnant Women

588 Associated with Neurodevelopmental Changes.in Qffspring

589 The draft MCLG approach presented in-USEPA (2017) to predict doses of perchlorate that would result
590 in per unit changes in neurodevelopmental measures, is, as noted by USEPA (2017), “...dependent
591 upon predictions from the BBDR model, the derivation of the distribution of fT4, and the evaluations of
592 the relationship between fT4 and neurodevelopment. Each of these steps has inherent uncertainties

593 associated with it.”

594 A major source of uncertainty is related to the five studies in Group 1 with data that could be used to
595 quantitatively describe the relationship between thyroid hormone levels in early pregnancy and

596 changes in neurodevelopment (Pop et al. 1999, 2003; Finken et al. 2013; Korevaar et al. 2016;

597 Vermiglio et al. 2004). None of these five studies relied upon data from US populations or have been
598 demonstrated to have iodine intake similar to US populations. Yet according to the American Thyroid
599 Association (Alexander et al. 2017), the reference range of both TSH and fT4 in pregnant women

600 varies depending upon ethnicity. While two studies in Group 1 focused on population groups within
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601 the United States, neither were considered for the model because T4 and not fT4 was measured in the
602 pregnant females (Oken et al. 2009) and the relationship between fT4 and neurodevelopment was
603 evaluated in late pregnancy and did not reach statistical significance (Chevrier et al. 2011). USEPA
604 (2017) (Section 6.5.1) states “there is no reason to believe that the impact of fT4 on

605 neurodevelopment would differ by country, unless there is a substantial difference in iodine’intake”.
606 While USEPA (2017) does make an effort to evaluate changes in iodine intake in women from various
607 populations, including the US, there are not substantial data reported in the peer-reviewed literature
608 to validate the conclusions that the impact of fT4 on neurodevelopment would differ by population or
609 uncertainty in iodine intake levels would have an impact on the derivation of the MCLG. Thisis

610 inconsistent with data from the American Thyroid Association (Alexander et al. 2017) that suggest
611 variability in the distribution of thyroid hormone levels across populations'and even within ethnicities

612 within a single population.

613 USEPA (2017) also notes that all five studies used for quantitative analysis relied on a one-time fT4
614 level during pregnancy (Section 6.5.5). The influence of changes in maternal fT4 on fetal brain

615 development is likely greatest during early pregnancy.. The variability in maternal fT4 levels during
616 pregnancy and the lack of measurement of fT4:at.time points throughout pregnancy in the studies
617 provides a substantial data gap and lack of information needed to validate some of the assumptions
618 relied upon in the development of the BBDR current model as well as the resulting predictions of the

619 model. As stated in USEPA (2017),

620 “"Circulating T3 and T4.tevels in an individual are maintained within a narrow range by
621 a negative feedback loop with TSH from the pituitary and TRH from the hypothalamus
622 that operates around a "set-point.” This set-point is different from individual to

623 individual, which generates a population variance in blood levels of thyroid hormone
624 that is considerably broader than the individual variance (Andersen, Pedersen, Bruun,
625 & Laurberg 2002). Therefore, in euthyroid individuals, serum T4 and T3 fluctuate

626 within a fairly narrow range (about 10% of the population variance), maintained by
627 the negative feedback relationship with serum TSH from the pituitary gland. This

628 normal variation creates a situation where single measures of free or total T4 and TSH
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629 are a somewhat imprecise measure of an individual’s average T4 and TSH

630 concentrations (Andersen et al. 2002).”

631 Several other areas of uncertainty are also highlighted by USEPA (2017). Specifically, USEPA
632 (2017) noted that none of the five studies carried forward provided iodine intake levels

633 (Section 6.5.3), which adds significant uncertainty to the estimates. Three of the 5 studies
634 (Pop et al. 1999, 2003; Vermiglic et al. 2004) also have populations of less than 30

635 decreasing the statistical power of the studies (section 6.5.4) relied upon for establishing the
636 relationship between changes in fT4 and neurodevelopmental changes. USEPA (2017) also
637 noted uncertainties in regard to the analytical methods used to evaluate fT4 |levels and while
638 approaches are being introduced to standardize analytical methods, results at different time
639 points and from different countries may vary considerably due ta differences in analytical

640 procedures (USEPA 2017). USEPA (2017) also notes that “there'is uncertainty regarding the
641 true fT4 levels at various percentiles in the distribution around the median output from the
642 BBDR model. This is exemplified by the fact that in this analysis larger unit changes are being
643 seen with increasing percentiles of fT4 in most analyses.” Finally, other confounders such as
644 iron deficiency were not considered in the analysis. Iron deficiency in pregnant mothers,

645 which is noted in approximately 18% of pregnant women in the US (Cantor et al. 2015), may
646 also be associated with hypothyroxinemia:(Yu.et al. 2015) and failing to directly account for a
647 relationship between iron deficiency and hypothyroxinemia may introduce an uncertainty into

648 this analysis.

649 While all these uncertainties are noted by USEPA (2017), there is no attempt to adjust the
650 draft MCLG approach in any way to account for these uncertainties. Many of these, especially
651 confounders such as iron deficiency in the study population and a lack of information on iodide
652 intake, can have a significant effect in characterizing changes in thyroid hormone levels

653 associated with changes in neurodevelopmental outcomes. In the absence of adequately

654 accounting for these uncertainties, it is difficult to have confidence that BBDR model

655 predictions of small changes in a specific thyroid hormone (e.g. fT4) may accurately predict

656 the potential for neurodevelopmental effects.
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657 The inadequacy of the USEPA (2017) literature review is substantiated by the comments of the
658 External Peer Review for USEPA’s Proposed Approaches to Inform the Derivation of a
659 Maximum Contaminant Level Goal for Perchlorate in Drinking Water (Versar 2018).

660 Comments regarding the USEPA (2017) literature search included:

661 « “The literature search produced ten studies (that assessed maternal serum FT4

662 concentrations as a continuous measure which did not observe an adverse effect on
663 offspring neurocognition), as well as those in Group 2 that assessed serum FT4 as

664 categorical measures. Although their inclusion may not necessarily be recommended
665 in the final model, comparison of the estimated effects on the various neurocognitive
666 outcomes with and without these may indeed inform the degree of uncertainty

667 inherent in the present model. Several of the studies in Group.2 were able to

668 demonstrate significant adverse outcomes (Berbel 2009 as one excellent example),
669 and also their more global nature would help support the generalizability of the

670 present model.”

671 o “Excluding these studies lessens the power of the total sample size and thus the ability
672 to detect an association between maternal hypothyroxinemia and any of the offspring
673 outcomes, but provides what may be.a somewhat exaggerated estimate of the

674 potential adverse effects of perchlorate exposure. This approach is more conservative,
675 to which there are pros andcons of doing so, toward derivation of a perchlorate MCLG.
676 With this approach, the.goal is to minimize exposure to the lowest perchlorate

677 concentration associated with any number of adverse outcomes. I would favor the
678 more liberal public health approach, which is inclusion of all available studies, whether
679 they are positive.or negative. Although the perchlorate MCLG may be higher, this

680 latter approach would be consistent with using all available evidence to improve the
681 scientific rigor of the proposed study question.”

682 The peer reviewers also suggested a number of additional peer-reviewed studies that they felt
683 should have been considered to inform BBDR modeling of the quantitative relationship

684 between thyroid hormone levels and neurodevelopmental outcomes:
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685 o Barez-Lépez S, Jesus-Obregon M, Bernal ], Guadafio-Ferraz A. 2017. Thyroid Hormone

686 Economy in the Perinatal Mouse Brain: Implications for Cerebral Cortex Development.
687 Cerebral Cortex, 28(5): 1783-1793.

688 « Bath S, Steer C, Golding J, Emmett P, Raymen M. 2013. Effect of inadequate iodine
689 status in UK pregnant women on cognitive outcomes in their children: results from the
690 Avon Longitudinal Study of Parents and Children (ALSPAC). The Lancet, 382(9889):
691 331-337.

692 « Bernal 1. 2017. Thyroid hormone regulated genes in cerebral cortex development.
693 Journal of Endocrinology, 232(2): R83-R97.

694 o Casey B, Thom E. 2017. Subclinical Hypothyroidism or Hypothyroxinemia in

695 Pregnancy. The New England Journal of Medicine, 377(7): 701.

696 « Casey B, Thom E, Peacemann A, Varner M, Sorokin Y, Hirtz D; Reddy U, Wapner R,
697 Thorp 1, Saade G, Tita A, Rouse D, Sibai B, lams J, Mercer B, Tolosa J, Caritis S,

698 VanDorsten JP. 2017. Treatment of Subclinical Hypothyroidism or Hypothyroxinemia in
699 Pregnancy. The New England Journal of Medicine, 376: 815-825.

700 « Endendijk J, Wijnen H, Pop V, van Baar A. 2017. Maternal thyroid hormone

701 trajectories during pregnancy and child behavioral problems. Hormones and Behavior,
702 94: 84-92.

703 « Hales C, Taylor P, Channon'S; Paradice R, McEwan K, Zhang L, Gyedu M, Bakhsh O,
704 Muller I, Dbraman M, Gregory 1, Dayan J, Rees D, Ludgate M. 2018. Controlled

705 Antenatal Thyroid Screening 11: effect of treating maternal sub-optimal thyroid

706 function on childhood cagnition. The Journal of Clinical Endocrinology and Metabolism,
707 103(4): 1583-1591.

708 o Lazarus J, Bestwick ], Channon S, Paradice R, Maina A, Rees R, Chiusano £, John R,
709 Guaraldo'V;:George L, Perona M, Dall’Amico D, Parkes A, Joomun M, Wald NJ. 2012.
710 Antenatal Thyroid Screening and Childhood Cognitive Function. The New England

711 Journal of Medicine, 366: 493-501.

712 « Taylor PN, Okosieme OE, Murphy R, Hales C, Chiusano E, Maina A, Joomun M,

713 Bestwick JP, Smyth P, Paradice R, Channon S, Braverman LE, Dayan CM, Lazarus JH,
714 Pearce EN. 2014. Maternal Perchlorate Levels in Women with Borderline Thyroid
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715 Function During Pregnancy and the Cognitive Development of Their Offspring: Data
716 from the Controlled Antenatal Thyroid Study. The Journal of Clinical Endocrinology &

717 Metabolism, 99(11): 4291-4298.

718 In the draft MCLG approach, USEPA (2017) focused on five studies that evaluated the relationship of
719 maternal fT4 and several neurodevelopmental endpoints (IQ, mental development index (MDI});

720 psychomotor development index (PDI), standard deviation of reaction time), based on:measurements
721 of fT4 during early pregnancy. Results from previous studies have provided the basis for No Observed
722 Effect Levels (NOELs) for health effects of perchlorate in the development of-Reference Doses and
723 currently recommended Health Reference Levels (HRLs), including Greer et.al. (2002) in which adult
724 men and women were exposed to perchlorate in drinking water at doses 0f 0.007, 0.02, 0.1, or 0.5
725 mg/kg/day for 14 days demonstrated a NOEL for perchlorate inhibition of radiociodide uptake by the
726 thyroid NIS following exposure to 7 pg/kg/day. The point of departure from the Greer et al. (2002)
727 study represents a perchlorate level that precedes the inhibition-of iodine uptake by the thyroid. The
728 NAS RfD developed based on the point of departure (POD) from this study is a deviation from the
729 Agency’s traditional approach of using a No Observed-Adverse Effect Level (NOAEL) for regulatory
730 actions. The NAS’s use of a No Observed Effect:Level (NOEL) is based on “using a nonadverse effect

731 that is upstream of the adverse effect [which] is a more conservative and health protective approach”.

732 While these studies have not been conducted-in pregnant women (the population of interest for the

733 draft MCLG approach), as noted by in USEPA (2017):

734 “...the BBDR model predicts very little difference in non-pregnant and first-trimester
735 response to perchiorate. .This likely occurs because the half-life of (organified) iodine
736 in the adult thyroid is around six months, hence the availability of thyroidal iodine in
737 the first trimester pregnant woman is determined to a very large extent by her

738 nutrition.and perchlorate exposure several years preceding pregnancy.”

739 This suggests that a comparison of the current modeling results to those from studies conducted in
740 adults should provide insight into the predictions of the model and the conclusions regarding the

741 changes in thyroid hormone levels that may result in neurodevelopmental effects.
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742 The current draft approach for deriving the MCLG assumes any exposure to perchlorate reduces fT4 to
743 some extent (p. 3-17 of USEPA 2017). In addition, linear regression analyses conducted to evaluate
744 the relationship between changes in fT4 and neurodevelopmental effects further assumes any change
745 in fT4 results in some risk of neurodevelopmental effects. These assumptions are in contrast to the
746 results from Greer et al. (2002) in which exposures to perchlorate were as high as 500 pg/kg/day and
747 no impact on thyroid hormone levels was observed. This was true for both men and women. In

748 addition, in a study conducted by Braverman et al. (2006), 6 months of exposure to perchlorate in
749 capsules at doses up to 3 mg/day (approximately 40 ug/kg/day) was reported to have no effect on
750 thyroid function, including inhibition of thyroid iodide uptake as well as serum levels of thyroid

751 hormones, TSH, and Tg in a small group of volunteers.

752 USEPA (2017) notes (p. 6-16) that from results of the literature.review, it appears the relationship
753 between maternal fT4 and fetal brain development has a temporal relationship, with this influence
754 likely being greatest in early pregnancy (i.e. prior to mid-gestation). The focus of the evaluation is on
755 gestational weeks 12, 13, and 16, where the mother’s fT4 levels will have the greatest impact on the
756 fetus. This should allow for comparison to the model:results in pregnant women to results from

757 previous studies focused on identification of perchlorate concentrations that would impact fT4 levels in

758 adult women, such as the Greer et al. (2002) study.

759 Based on the BBDR model predictions, USEPA (2017) estimates that a perchlorate dose of 0.3-0.4

760 Hug/kg/day would result in a 1% increase in the proportion of the population with hypothyroxinemia
761 and a perchlorate dose of 2.1-2.2:ug/kg/day would result in a 5% increase in proportion of the

762 population with hypothyroxinemia: These modeling results suggest a potential for a significant change
763 in thyroid hormones, as well as adverse effects on neurodevelopment at doses of perchlorate exposure
764 for which there is evidence that decreases in fT4 are not observed. Based on the mode of action

765 proposed by USEPA {20G17), decreases in fT4 and increases in TSH would be prerequisite steps for the
766 potential for neurodevelopmental effects. These changes in hormone levels are not observed in the
767 Greer et al. (2002) study following exposure up to 500 ug/kg/day. The draft MCLG approach suggests
768 population changes in fT4 would be observed that would shift the proportion of pregnant women that

769 would be hypothyroxinemic at doses of perchlorate below the previously defined NOEL (7 ug/kg/day).
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770 Table 6 (Table 39 of USEPA 2017) provides the predicted dose of perchlorate per unit change in

771 neurodevelopmental measure for low iodine intake individuals. Those for IQ are approximately at or
772 above (6.5 - 45 ug/kg/day) the NOEL from Greer et al. (2002) and are associated with decreases in
773 fT4 of 4.3 t0 18.7%. The doses associated with other neurodevelopmental endpoints are 1.7 to 3.0
774 ug/kg/day and are associated with decreases in fT4 of 1.3 to 2.4%. These percent changes in fT4 are
775 very small and considering the potential uncertainty and variability in measuring fT4 levels, there is a
776 lack of evidence that such small changes in fT4 will result in clinical observations. Reference ranges
777 for fT4 are 0.9 ~ 2.5 ng/dL in infants (0-5 days) and 0.9 - 1.7 ng/dL in adults (> 20 yrs)

778 (https://www.mayomedicallaboratories.com/test-catalog/Clinical+and+Interpretive/8725). Thus, for

779 an adult, at the low end of the reference range, we would expect a change from 0.900 to 0.878 ng/dL,
780 a value that given the number of significant figures in the reference valueé would not be measurable.
781 The dose of perchlorate estimated to result in a 1% or 5% increase‘in‘the proportion of

782 hypothyroxinemic pregnant women is even lower, ranging from 0.3 to 2.2 ug/kg/day. USEPA (2017)
783 findings are contrary to multiple studies in adults and pregnant women (Greer et al. 2002; Braverman
784 et al. 2006; Téllez Téllez et al. 2005a, 2005b) provide robust evidence that no impact on iodine

785 uptake or thyroid hormone levels would be expected atthese dose levels. Based on the mode of

786 action proposed by USEPA (2017), these precursor impacts are necessary to generate the

787 neurodevelopmental effects derived from the BBDR model.
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Table 6. Predicted Dose of Perchlorate per Unit Change in Neurodevelopmental Measure for Low Iodine
Intake Individuals based on Central Effect Estimates at the Median fT4 level (USEPA 2017)
AfT4 in pmol/L Dose of perchlorate
(% AfT4 from 0 dose per unit change in
Study Endpoint
perchlorate, iodine intake endpoint
= 75 pg/day) (ng/kg/day)?
Korevaar et al. (2016)
1Q -1.08 (12.2%) 23
Quadratic
Korevaar et al. (2016)
USEPA Independent 1IQ -0.98 (11.1%) 20
Analysis: Bivariate
Korevaar et al. (2016)
USEPA Independent 1Q -1.66 (18.7%) 45
Analysis: Multivariate
Vermiglio et al. (2004) 1IQ -0.37 (4.3%) 6.5
Pop et al. (2003) MDI -0.15 (1.7%) 2.2
Pop et al. (2003) PDI -0.12 (1.3%) 1.7
Pop et al. (1999) PDI -0.12 (1.3%) 1.7
Finken et al. (2013) SD of Reaction Time -0.21 (2.4%) 3.0
1% or 5% increase in
proportion of 0.3 - 0.4° [1%]
BBDR model (USEPA 2017) 1% or 5%
hypothyroxinemic 2.1 - 2.2° [5%]
pregnant women®

% Based on the regression analysis for the range of fT4 data within each study. Central beta estimates of the low

iodide intake population (= 75 ug/day) are presented.

b Hypothyroxinemia defined as fT4 < 10" percentile

¢ Range based on gestational week used to perform the analysis (12 to 16 weeks).

788
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789 DISCUSSION

790 A critical review of the (USEPA) 2017 report entitled "Draft Report: Proposed Approaches to Inform
791 the Derivation of a Maximum Contaminant Level Goal for Perchlorate in Drinking Water”, as well as
792 the BBDR model that was proposed for use in derivation of the MCLG, was conducted. Overall,

793 conducting this review and assessment of the BBDR model was beset by multiple challenges and the
794 effort highlighted a number of uncertainties in the use of the model. The main challenges that the
795 review presented were due to the complexity of the BBDR model itself. The co-authors of this review,
796 who are widely considered to be experts in the area of PBPK and BBDR model development, found it
797 difficult to evaluate the complex interactions of model parameters and their relationship to the

798 predictions of the model. In our efforts to reproduce simulations provided in USEPA (2017), it was
799 noted that instructions for running the model for different scenarios, and documentation of the

800 rationale for the model parameter values associated with them, were sometimes inadequate; this
801 deficiency, which is inevitable in a complex model, was exacerbated by the number of code scripts
802 required to set the parameters used to generate the various results in the document. As a result, the
803 ability to independently verify all aspects of the model were impeded by uncertainties associated with
804 the steps necessary to reproduce figures and tables in the report, or to perform comparisons of model

805 predictions to data for alternative exposure scenarios or studies.

806 As suggested by C.A.R. Hoare in his 1980 ACM Turing Award Lecture: “There are two ways of

807 constructing a software design: One way.is to make it so simple that there are obviously no

808 deficiencies and the other wayis:to make it so complicated that there are no obvious deficiencies.” By
809 their nature, BBDR models are seldom simple; to the extent that BBDR models attempt to describe
810 complex biological systems they will inherently be difficult to comprehend. The criticisms of the

811 perchlorate PBPK model in‘this case study are not meant to suggest that the model is incorrect or un-
812 useful, and they should ot be taken as criticisms of the utility of BBDR modeling in general. Used
813 appropriately, BBDR models can provide important information for better risk assessment decision-
814 making. The issue that needs to be addressed in each case is whether a BBDR model is fit for the

815 intended purpose of using it in the risk assessment.

816 The first use of PBPK modeling in risk assessments dates back to the 1980s (USEPA 1987) and vet the

817 application of PBPK modeling to replace default dosimetry remains controversial, primarily due to
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818 concerns regarding model uncertainty. To address these concerns, the OMB (2007) memorandum on
819 risk analysis recommended the presentation of results from multiple dose-response approaches to
820 provide a more robust risk characterization. In this scenario, a fit-for-purpose BBDR model can

821 provide information on the most scientifically plausible risk estimate for comparison with the results of
822 default approaches (Clewell et al. 2008). Consistent with this OMB recommendation, one focus of our
823 evaluation was determining how the results of the BBDR modeling could inform the likelihood that the
824 current perchlorate guideline (USEPA 2005), which is based on inhibition of thyroidal iodine uptake in
825 adults, is also protective of concerns regarding neurodevelopmental effects of perchlorate. This

826 guestion is discussed in the Conclusion.

827 The current BBDR model that was relied upon for the USEPA (2017) draft'approach is an extension of
828 previous models that have been validated and published in the peer-reviewed literature (Clewell et al.
829 2007; Merrill et al. 2003; Lumen et al. 2013). Similar values for key parameters have been

830 successfully used across the previous models, yet changes were.made in the current model or new
831 parameters added (e.g. VCHNG, HCGreg, pTSH, KmNis), often with little or no evidence or

832 justification provided to support these revisions in the:WSEPA (2017) documentation. Additional

833 support for these changes will be needed to provide validation of the current revisions to the BBDR

834 model and to provide confidence in the predictions of changes in fT4 made by the model.

835 Certainly, confidence in the BBDR madel predictions is undermined by the model’s inability to simulate
836 the results from the Steinmaus et al. (2016) study. In Appendix B of USEPA (2017), a comparison of
837 the predicted changes in both fT4:and TSH from the BBDR model were compared to the results

838 reported by Steinmaus et al: (2016) (reproduced in Figure 6). The Steinmaus et al. (2016) study was
839 conducted to evaluate the potential for perchlorate exposure to impact thyroid hormone levels in

840 pregnant women in San Diego. This comparison clearly highlights the differences between the model
841 predictions and thosefrom a published study. The baseline BBDR simulations with normal iodine

842 intake (170 ug/day) demonstrate no change in fT4, which is consistent with other studies in which no
843 impact on fT4 has been observed at doses up to 7 ug/kg/day (Greer et al. 2002; Braverman et al.
844 2006). The BBDR model underpredicted changes in fT4, even in the scenario with low dietary iodine
845 intake (75 pg/day), when compared to the changes reported by Steinmaus et al. (2016). This

846 discrepancy calls into question the ability of the model to predict changes in fT4 associated with
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847 perchlorate exposure. In particular, the proposed MCLG approach depends on model predictions of
848 small changes in fT4 as low as approximately 1% (Table 6) being associated with unit changes in
849 neurodevelopmental endpoints. Predictions of this precision would require a level of model precision

850 that has not been demonstrated by comparisons to existing data.

851 Many of the changes in fT4 that are predicted by the draft MCLG approach to estimate jmpact on the
852 population distribution of fT4 and therefore result in per unit changes in neurodevelopmental

853 outcomes are small percent changes (some as low as a 1.3-4.3% change). This'would appear to

854 suggest that the extended version of the BBDR model has a capability to estimate:small changes in
855 fT4 with a level of precision that is not demonstrated by any adequate validation. In fact, BBDR model
856 predictions of fT4 underpredict observed data in human studies (Tables1 and 3) by as much as 25-
857 35%. Moreover, considering the variability of fT4 in the populations of interest, there is uncertainty as
858 to whether these slight changes could be measured clinically, considering the greater impact of iodine
859 intake on hormone levels. Considering the lack of data to support critical parameters and

860 assumptions in the model, as well as the impact of the variability of iodine intake on model

861 predictions, it seems crucial that validation of the'BBDR model by comparison with observed data be
862 used to provide confidence in the predictions of the BBDR model. However, the BBDR model clearly
863 fails the only comparison that has been conducted (Figure 6), with the BBDR model predictions falling
864 outside the bounds of the statistical confidence limits estimated for the Steinmaus et al. (2016)

865 relationship between perchlorate dose and fT4. Each of the components of the BBDR model combined

866 result in compounded uncertainty in the modeling results.

867 Until additional data are available to validate current extensions of the BBDR model to the pregnant
868 woman, the Greer et al. (2002) and Braverman et al. (2006) studies provide the critical information in
869 determining concentrations of perchlorate that do not result in significant inhibition of iodide uptake
870 and, therefore, impacts on fT4. Based on recommendations from the National Academy of Sciences
871 (2005), points of departure provided by these studies used in combination with uncertainty factors
872 were considered to be protective of sensitive subpopulations, this approach has previously been relied
873 upon to support guidelines for perchlorate in drinking water under the Safe Drinking Water Act (USEPA
874 2008), and has also been used more recently by JECFA (2011) and EFSA (2014) in their regulation of

875 perchlorate.
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876 CONCLUSIONS

877 We applaud the USEPA for the application of a BBDR model in their draft MCLG approaches, as these
878 models integrate the available science for a compound of interest. However, while the hormone

879 component of the model is a scientific improvement in terms of incorporating the available biology,
880 there is a lack of data to provide critical validation in multiple steps of the proposed approach.and to
881 support several assumptions/parameters within the BBDR model. In particular, while.no major

882 structural defects in the USEPA (2017) BBDR model were identified, there are a number.of

883 uncertainties in the model parameterization that call into question its use for predicting very small
884 changes in clinical hormone values, such as a 1% change in fT4 (Tables 4-6) While the model

885 prediction for 1% change in fT4 (0.3-0.4 ug/kg/day) would yield a POD lower than the USEPA (2005)
886 RfD, that level of precision is a not supported by the comparison of the model predictions with

887 available data. Nonetheless, the consistency of the model-predicted:PODs based on the

888 epidemiological endpoints (Table 6), and the relationship of these results with previous risk

389 assessments based on biologically sound precursors (iodide‘inhibition in thyroid), indicate that the
890 interim health standard would be sufficiently protective:against the developmental neurological

891 endpoints of concern, as illustrated in Figure 7, which compares the point of departure from the

892 USEPA (2005) IRIS assessment with the PoDs calculated by the BBDR model in the USEPA (2017)
893 report (Table 6). The USEPA (2005) RfD. (red bar) is protective for all of the endpoints from

894 epidemiological studies and is consistent with a change in population fT4 levels of less than 5%.
895

896 Beginning with the initial risk characterization for perchlorate (USEPA 2002), the fundamental

897 underpinning of the agency’s risk assessment approach has been the use of an obligatory precursor as
898 a conservative basis for protecting against downstream health effects. As elaborated in the original
899 documentation (USEPA 2003), the effects of perchlorate are mediated by the inhibition of thyroidal
900 iodine uptake by perchlorate. Unless perchlorate concentrations in the blood are sufficient to disrupt
901 iodine uptake, there is no plausible basis for suggesting an effect of perchlorate on thyroid hormone
902 homeostasis or subsequent events leading to developmental or (in the rat) carcinogenic effects. The
903 recent studies suggesting a relationship between perchlorate exposure and decreased fT4 do not

904 impeach this causal relationship. Therefore, until the significant uncertainties in the current BBDR

36

ED_002648_00001621-00037



905

906

907

908

909

910

model and draft MCLG approaches can be addressed, USEPA should continue to rely on the RfD

approach based on inhibition of thyroidal iodine uptake (USEPA (2005), as recommended by the
National Academy of Sciences (2005) for any further regulatory action. The USEPA (2005) RfD
includes an intraspecies uncertainty factor of 10 “to protect the most sensitive population, the fetuses
of pregnant women who might have hypothyroidism or iodide deficiency.” None of the predictions of

the BBDR model suggest that this uncertainty factor is inadequate.
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1141 Figure 1. Mode-of-action model for perchlorate toxicity proposed by the USEPA (2002).

1142 Inhibition of iodide uptake in the thyroid by perchlorate is an obligatory precursor for all

1143 downstream cancer and noncancer endpoints, including neurodevelopment.

1144 Figure 2: Structure of the Early Pregnancy BBDR (USEPA 2017)

1145 Figure 3: Variation in free T4 (fT4 in early pregnancy (as reported in USEPA 2017))

1146 Figure 4, Comparison of parameters controlling hCG-dependent changes in thyroidal uptake
1147 (VCHNG, green) and thyroid hormone production rate (HCGREG, purple) in.the BBDR model as
1148 a function of gestational age. Despite the fact that both parameters. are dependent upon hCG
1149 levels, the predicted trends across gestation are not consistent.

1150 Figure 5. Panel a: Model predictions for free T4 (fT4) in.non-pregnant women as a function of
1151 iodine intake compared to data from NHANES 2007-2012 (USEPA 2017). Panel b: Underlying
1152 NHANES data without model predictions. Note the lack of evidence for any correlation

1153 between iodine intake and fT4 in the NHANES data:in the range from 20 to 90 ug/d, in

1154 contrast to model predictions.

1155 Figure 6. Comparison of BBDR model predicted free T4 (fT4) changes as a function of

1156 perchlorate dose with data from Steinmaus et al. (2016). Reproduced from USEPA (2017).
1157 Blue boxes and diamonds represent the BBDR model predictions for median (170 ug/d) and
1158 fow (90 ug/d) iodine intake populations (GW 13-16); red +’s represent the central estimate
1159 from the analysis of:the Steinmaus et al. (2016) study and the red x’s represent the upper
1160 and lower confidence:limits for that estimate.

1161 Figure 7. Comparison of PoDs calculated using the USEPA (2017) BBDR model-based PoDs
1162 (blue and green bars) with the USEPA (2005) RfD (red bar).

1163
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Comparison of PoDs from 2017 MCGL approach and 2005 RfD

005G EPA B - inhibition of lndide upake 8
BEDR - 5% pog increass 88 21

~d

iodhde inhibition In sregrant woarnen {PBRK mndatl}

4 in pregrnant women (BRDR model}

BADR - 1% pop focceass ¢ 03 S cptdamiobngival studizs in children

5% of reantion Tinwe - Fioken ot a8 0130 s 3
PO - Pop of 2f {1999) = L7
PEd- Pop ot 213003 s 1y
D - Pop et o {F0O03) S g2
3 -~ Yeryoligho =i AL 2004 saaaaaas 65

8 - Borevaar etal, (2006 Ml variale S 45
103 ~ Bovevanr ob.al, 2016} BReariols S 20
B~ Korewasr efal, (2018 goadontl S

& i 3 E2 A 54

Pold {ug ke fday)

ED_002648_00001621-00057



Highlights {maximum 125 characters, including spaces)

« The USEPA (2017) BBDR model plausibly describes perchlorate effects on thyroid hormone
regulation during early pregnancy.

« The model is a valuable tool for investigating the effects of perchlorate on thyroid function
during early gestation.

« BBDR modeling results indicate that the current USEPA RfD, based on adult effects;.is also
protective for fetal effects.

o However, current model uncertainties dictate against its use to replace the existing RfD for
perchlorate.
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